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WO 92/20366 PCT/US92/04351 

INSULIN AND AMYLIN CONTAINING COMPOSITION FOR THE TREATMENT OF INSULIN DE- 
FICIENT MAMMALS 

DESCRIPTION 
Treatment of Insulin Defi cient Mammals 

1?j.eld of the Invention 

This invention relates to therapeutic combinations of 
insulin and amylin and their use for treatment of insulin 
deficient mammals, such as diabetic humans. 

5 Background of th e Invention 

Human diabetics are deficient in insulin secretion, 
and in some cases lack insulin. Insulin is one of several 
hormones which play a role in regulation of blood glucose 
levels. Simplistically, there are two main stores of glu- 

10 cose in a mammal— the liver and skeletal muscle, where 
glucose is stored in the form of glycogen. Muscle glyco- 
gen is used as a glucose source for the muscle, whereas 
liver glycogen is used as a glucose source for all tis- 
sues, including blood. It is the interplay of certain 

15 hormones in regulation of glycogen accumulation and 
breakdown that is critical in the invention described 
below. 

Insulin regulates glucose uptake by muscle tissue for 
storage of the glucose as muscle glycogen. Insulin also 

20 prevents hyperglycemia, that is, the unacceptable accumu- 
lation of high levels of glucose in the blood, and sup- 
presses conversion of liver glycogen to glucose, and sub- 
sequent secretion of that glucose into the blood. In the 
presence of excess insulin, blood glucose accumulates in 

25 muscle tissue as glycogen, liver glucose output is sup- 
pressed, and the level of blood glucose falls, to create 
a condition termed hypoglycemia. 

Another hormone, glucagon, increases blood glucose 
levels by stimulating liver glycogen breakdown to glucose, 

30 and subsequent secretion of that glucose. This liver gly- 
cogen is used to maintain blood glucose levels, and gluca- 
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gon may be considered an insulin counterregulatory 
hormone . 

Amylin is another hormone which has been discovered 
to be concerned in regulation of blood glucose levels. It 
5 reverses insulin-mediated suppression of liver glucose 
output in rats. Molina et al., 39 Diabetes 260, 1990, and 
Koopmans et al., 39 Diabetes 101A, 1990. 

European Patent Application No. 88307927.9 describes 
the treatment of diabetes mellitus or hypoglycemia with 

10 amylin, or with a combination of amylin and insulin, 
preferably at a ratio of between 100:1 to 0.1:1 insulin to 
amylin. The applicant reports that the major problem with 
insulin treatment of diabetes is hypoglycemia and that 
co-administration of insulin and amylin will avoid this 

15 side effect or otherwise reduce its risk and/or severity. 
The application states that amylin exerts a powerful modu- 
lating effect on insulin-induced storage of glucose as 
glycogen, and that amylin will act to modulate and reduce 
the hypoglycemic effects of insulin by reducing release of 

20 insulin in relation to a given glucose stimulus, and by 
reducing the rate of storage of glucose as muscle glyco- 
gen. That is, amylin should reduce insulin-sensitivity 
and cushion the hypoglycemic effects of insulin. 



Summary of the Inve ntion 

25 Applicants' invention is concerned with discovery of 

a further surprising relationship between amylin and insu- 
lin. It also relates to the unexpected discovery of opti- 
mum ratios of insulin and amylin used for treatment of 
mammals suffering from diabetes, or other insulin defi- 

30 cient mammals. Applicant has discovered that it is pref- 
erable to maintain a ratio of amylin and insulin within a 
mammal in a relatively narrow range or ranges in order 
that both the amylin and insulin will have optimal 
effects, and prevent the damaging side effects f either 

35 excess amylin or insulin alone. 
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in view of amylin 's antagonism of muscle response to 
insulin, others have postulated that the effects of amylin 
and insulin would simply cancel each other out in vivo. 
However, applicants discovered that not only is this not 
the case, but that amylin suppression of the insulin 
response of a patient is increased as the hormonal concen- 
trations increase above a certain value. Thus, when the 
hormones are provided in a fixed ratio, the effects of 
each hormone are moderated, and the damaging effect of 
either hormone alone at high concentration is prevented. 

Amylin is a functional non-competitive antagonist of 
insulin in regard to muscle glycogen metabolism, for exam- 
ple. That is, regardless of insulin concentration and the 
level of insulin-stimulation, amylin at appropriate 
15 concentrations will nonetheless diminish the insulin 
response. When amylin and insulin are present in a suit- 
able fixed ratio, increasing concentrations of the mixture 
have the initial effect of insulin stimulation, and 
increases in muscle glycogen synthesis, for example, 
20 occur. With further increases of concentration of the 
mixture, the response to the insulin component increases 
little further but the non-competitive antagonism of the 
amylin component continues. The net response to further 
increases of the mixture is in fact diminished, resulting 
25 in a bell-shaped dose-response curve, rather than the 
sigmoid response typically obtained with insulin alone. 

Applicants discovered that provision of amylin and 
insulin at a constant molar ratio results in a bell-shaped 
dose response relationship between hormone levels and glu- 
30 cose disposal in skeletal muscle indicating that amylin 
and insulin act independently, of one another, and are non- 
competitive functional antagonists for certain key meta- 
bolic respons s, including glucose uptake into skeletal 
muscle glycogen and hepatic glucose output. Applicants 
35 propose in this invention that patients suffering from 
diabetes may be treated in a manner, for example, which 
maintains the insulin and amylin within the patient at 
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relatively constant proportions, including those which may 
be similar to those present in normal mammals under physi- 
ologic conditions. This is advantageous because, at nor- 
mal physiologic insulin and amylin concentrations, the 
response of the body to insulin is not much altered in the 
presence of amylin, but at high insulin and amylin levels 
the response will be considerably lower than maximum in 
the presence of amylin. Thus, insulin mediated side- 
effects are suppressed by amylin at high insulin concen- 
trations. Administration of insulin and amylin in a given 
proportion or the provision of at least about 0.5 mg/kg/ 
day amylin, reduces the risk of catastrophic hypoglycemia 
that would otherwise follow the introduction of excessive 
levels of insulin. In the regime proposed, the patient is 
15 protected from an overdose of insulin since amylin dampens 
potential oscillations of plasma-glucose level caused by 
poor insulin regulation. Without being bound to any 
theory, applicants believe that the coadministered amylin 
operates by restoring hepatic glycogen stores so that, in 
20 the presence of insulin, such glycogen is mobilized by 
glucagon. 

One aim of coadministration of amylin and insulin in 
diabetes is to restore, as far as practicable, the most 
effective ratio of these hormones. Thus, the dose of each 

25 will reflect their respective deficit due to beta cell 
loss, and will be related approximately in the ratio of 
amylin to insulin normally co-secreted by a pancreatic 
beta cell. Applicants have discovered that a molar ratio 
of between about 3% and-about 40% amylin to insulin is 

30 indicated, i.e., an amylin to insulin ratio of about 1:35 
to about 1:2.5. This may vary for different patients and 
the approximate ratio will be determined by (1) monitoring 
residual amylin and insulin levels by plasma immunoassay, 
and (2) by normal practice clinical monitoring of plasma 

35 glucose and clinical state. 

It is desirabl to provide relatively constant 
amylin: insulin ratios, particularly when insulin levels 
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are likely to be changing. It is not likely, however, 
that a depot form of amylin, to match, say, ultralente 
insulin will be required- Ultralente provides a rather 
steady basal insulin level, not predicted to elicit 
5 hypoglycemic episodes. The main need is for effective 
levels of amylin to accompany and track insulin levels 
following administration of faster acting forms of insulin 
that lead to rapidly changing plasma levels. 

Thus, amylin should be formulated to provide a pat- 

10 tern of plasma concentrations which matches, within a 
factor of about 2.5-fold, in time-to-peak and half-time 
for disappearance, that of the soluble or rapid-acting 
insulin being administered to a patient. In this way, 
amylin will be most moderating of insulin action when 

15 insulin is the higher concentration range, and will leave 
insulin action essentially intact as plasma levels due to 
soluble insulin decline. The amylin administered will not 
significantly impact the ability of the ultralente contri- 
bution of basal insulin to limit upswings in plasma 

20 glucose. 

In summary, the preferred formulation for amylin is 
one which provides amylin/ insulin concentrations ratios 
within about 33% to about 300% of those in normal subjects 
for 4 hours following administration of the patient's most 

25 rapid acting insulin dosage, and matches, within a factor 
of about 3 -fold, the time-to-peak and the time course of 
decline of plasma insulin levels. 

Thus, in a first aspect, the invention features a 
method for treating a mammal by administering to that 

3 0 mammal an insulin (having the in vitro activity of stim- 
ulating glucose incorporation into glycogen in rat soleus 
muscle) and an amylin (having the in vitro activity of 
suppressing glucose incorporation into glycogen in rat 
soleus muscle) at a molar ratio of between about 1:1 and 

35 about 40:1. 

By "an insulin" is meant any insulin of natural or 
synthetic origin, and functional peptide fragments and 
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conservative variants Of an insulin which may be used in 
conventional treatment of diabetes mellitus. It is impor- 
tant in this invention, and it is clear to those of ordi- 
nary skill in this art, that the insulin polypeptide frag- 
5 ment need only have an insulin activity characterized by 
the in vitro activity of stimulating glucose incorporation 
into glycogen in rat soleus muscle, as described in detail 
below. Thus, the insulin may be produced in any standard 
manner including, but not limited to, extraction of bovine 

10 and porcine pancreatic insulin, expression of the insulin 
from recombinant DNA, and in vitro polypeptide synthesis 
of fragments of insulin. The insulin may also be provided 
in a fast-acting or semilente form. 

By conservative variant is meant an insulin polypep- 

15 tide which has substantial (at least 90% of a contiguous 
ten amino acid sequence) amino acid sequence identity with 
a naturally occurring insulin, or one used in conventional 
treatment of diabetes mellitus, but which has one or more 
amino acids in such a sequence substituted in a conserva- 

20 tive manner, such that the biological activity of the 
insulin remains substantially intact. Examples of such a 
conservative substitution includes substituting positively 
charged amino acids for other positively charged amino 
acids, negatively charged amino acids for other negatively 

25 charged amino acids, and simple amino acids, such as gly- 
cine, for other such amino acids, such as valine. Useful 
insulins for this invention can be readily determined by 
testing a chosen insulin for the desired activity in the 
in vitro test described below, or any equivalent in vitro 

30 or in vivo test. 

By "an. amylin" is meant any agonist molecule which 
includes a functional peptide fragment of a naturally 
occurring amylin, carboxy-deamidated amylin or calcit nin 
gene related peptide (CGRP) which includes at least five 

35 amino acid r sidues and has the in Yi££2 activity 
described above. In addition, it is pr f erred that such 
an amylin perform in vivo a therapeutic function of the 
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complete amylin or CGRP peptide. The term also includes 
conservative variants and functional peptide fragments of 
such peptides. Examples of such amylins are provided in 
Fig. 1 where sequence homologies among amylins in humans 
and other species are shown (using a standard one letter 
amino acid code) . Preferably, the amylin has a Kd of less 
than 60 pMolar in a receptor assay, and an EC^, of less 
than lnMolar in a rat soleus assay (Fig. 7, see below). 

Those of ordinary skill in this art will recognize 
that the above terms ••insulin" and "amylin" can be read 
broadly to include any polypeptide or other chemical class 
having the above described desired biological activity, 
in vitro or in vivo , which stimulates or suppresses, 
respectively, glucose incorporation into glycogen in any 
15 of many test systems, including, rat soleus muscle. In 
addition, such persons recognize that the polypeptide may 
be provided in a carboxy-terminated form, 
carboxy-terminally amidated form, or any other form which 
does not significantly affect the desired biological 
20 activity of the polypeptide. For example, as described in 
European Patent Application No. 88307927.9, suEra, the 
amylin may be prepared in a soluble form. 

In preferred embodiments, the method includes the 
step of identifying a mammal having a reduced ability to 
25 produce insulin compared to a normal mammal, prior to 
administering the insulin and amylin to the mammal. Most 
preferably, the mammal is a human, e.g., suffering from 
diabetes mellitus. 

In other preferred embodiments, the insulin and 
30 amylin are provided in a molar ratio between about 2.5:1 
and 35:1 or about 5:1 and 25:1, and at least 0.5 micro- 
grams of amylin per kilogram of the mammal per day are- 
provided. 

In a second aspect, the invention features a method 
35 for treating a mammal by first determining the level of an 
insulin and an amylin in the mammal, and then administer- 
ing an amount of an insulin and an amylin which will pro- 
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vide a molar ratio of insulin and amylin in the serum of 
the animal between about 2.5:1 and 35:1. 

The level of insulin and amylin in the mammal may be 
determined by any desired means, many examples of which 
5 exist in the published literature. In addition, amylin 
activity can be assayed as described by Cooper and Young, 
U.S. Serial No. 07/666,512, entitled "Amylin Activity 
Assays", filed March 8, 1991, assigned to the same 
assignee as the present application, and hereby incor- 
10 porated by reference herein. 

In a third aspect, the invention features a compo- 
sition including an insulin and an amylin in a molar ratio 
of between about 2.5:1 and 35:1. Preferably, this compo- 
sition is provided in a form which allows delayed release 
15 of both the insulin and amylin in a constant molar ratio, 
or in a form suitable for parenteral administration. 

In a related aspect, the invention features a method 
for treating a mammal by administering to that mammal a 
composition containing an insulin and an amylin at a suit- 
able molar ratio, such that the amount of amylin in the 
composition will result in circulating plasma levels of 
amylin that are about 3 to about 6% that of insulin upon 
administration of the composition to the patient. 

One of the main advantages of the present invention 
25 may be the reduction of the adverse effects of insulin 
overdose so long as the correct ratio of amylin is also 
provided with that insulin. At present, in order to avoid 
the acutely unpleasant effects of hypoglycemia, patients 
characteristically tend to hold back on their insulin 
30 therapy, preferring to live with higher levels of plasma 
glucose which do not present any immediately discernible 
pathologies. However, the resulting chronic hyperglycemia 
leads to vascular defects, insulin resistance, and abnor- 
mal carbohydrate metabolism. With the present invention, 
35 such diabetics need no longer be resigned to this chronic 
state of hyperglycemia. Thus, the optimum amylin/ insulin 
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combination of this invention aids in overcoming long-term 
complications normally associated with insulin therapy. 

The amylin/ insulin formulations of this invention 
provides patients who inject their own insulin with an 
5 improved formulation that reduces the occurrence of low 
plasma glucose levels. These formulations impede glucose 
disposal into skeletal muscle when plasma glucose levels 
are depressed, stimulate hepatic glycogen synthesis to 
ensure an effective counterregulatory response to hypogly- 

10 cemia, and permit essentially normal insulin control of 
hyperglycemia . 

The blended insulin-amylin formulations place a limit 
on the rate of glucose disposal into skeletal muscle, 
which decreases the risk of hypoglycemia associated with 

15 aggressive hormone therapy. Additionally, the amylin will 
enhance or restore fatty acid synthesis from lactate and 
provide the patients a more normal body fat distribution. 

Other advantages of this invention to diabetics 
include lower average plasma glucose levels; reduced long 

20 term complications; relaxation of monitoring needs; less 
need for rigorous definition of insulin dosage; greater 
freedom to vary size and timing of hormone therapy, and 
the extent and timing of any rigorous activity; and a 
better sense of well being. 

25 As with insulin alone, the above insulin/ amylin for- 

mulations can be tailored by standard techniques to the 
specific physiological requirements of each patient. 
Other features and advantages of the invention , will be 
apparent from the following description of the preferred 

30 embodiments thereof, and from the claims. 

Description of the Preferre d Embodiments 

The drawings will first briefly be described. 
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Drawings 

Fig. 1 is a representation, using standard single 
letter nomenclature to represent amino acids, of the amino 
acid sequence of amylin and related polypeptides; 
5 Fig. 2 is a graphical representation of insulin dose 

response in rat soleus muscle; 

Fig. 3 is a graphical representation of a family of 
insulin dose response curves with different fixed concen- 
trations of amylin; 
10 Fig. 4 is a graphical representation of a family of 

amylin dose response curves with different fixed concen- 
trations of insulin; 

Fig. 5 is a graphical representation showing an 
insulin/amylin dose response surface, the lines labelled 
15 1, 14, and 100 representing the predicted responses for 
insulin/amylin mixtures where amylin is at 1%, 14% and 
100% of the molar concentration of insulin, respectively. 

Fig. 6 is a graphical representation showing response 
to increasing insulin and amylin concentration in a fixed 
20 ratio of 7 to 1; the upper line shows the sigmoid dose 
response for insulin alone; 

Fig. 7 is a graphical representation showing amylin 
dose response curves utilizing three different methods for 
measuring experimental amylin concentrations; and 
25 Fig. 8 is a graphical representation of liver glyco- 

gen levels in rats, showing the effect of insulin and 
insulin/amylin combinations in restoring glycogen levels 
in streptozotocin-treated diabetic rats. 

no^a-i -led Desc ription 

30. The following, experiments demonstrate the interaction 

of amylin and insulin in an in vitro and an ia yiyja test 
format. These experiments illustrate the surprising 
nature of int raction of the two hormones in regulation of 
glycogen metabolism. 

35 As described in more detail b low, at low to moderate 

rates of insulin secretion, the range for most physiologic 
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situations, the response to insulin in the presence of 
amylin in not much altered. The slope of the insulin dose 
response is reduced as amylin concentrations begin to 
reach levels that significantly depress the insulin 
5 response. The maximum response achievable is considerably 
lower than the maximum that could be elicited by insulin 
alone. As insulin and amylin concentrations rise further, 
into ranges not normally expected to occur, the insulin 
response actually declines as increasing amylin action 
10 further depresses the functional response to insulin. 

Example 1: Isolated Soleus Muscle of Rat 
Soleus assay, dissection 

Male Harlan Sprague Dawley rats of approximately 
200 g mass were used in order to maintain soleus muscle 

15 mass less than 40 mg. The animals were fasted for 4 hours 
prior to sacrifice by decapitation. The skin was stripped 
from the lower limb which was then pinned out on cork 
board. The tendo achilles was cut just above os calcis 
and m. gastrocnemius reflected out from the posterior 

20 aspect of the tibia. m. soleus . a small 15-20 mm long, 
0.5 mm thick flat muscle on the bone surface of m. gas- 
trocnemius was then stripped clear and the perimysium 
cleaned off using fine scissors and forceps. M. soleus 
was then split into equal parts using a blade passed 

25 antero-posteriorly through the belly of the muscle to 
obtain a total of 4 muscle strips from each animal. After 
dissecting the muscle from the animal, it was kept for a 
short period in physiological saline. The muscle was not 
held under tension, as reported in other methodologies 

30 since in our hands this had no demonstrable effect on the 
ihsulih-sensitivity of radioglucose incorporati6n into 
glycog n. 

Incubation 

Muscles were added to 50 mL Erlenmeyer flasks con- 
35 taining 10 mL of a pregassed Krebs-Ringer bicarbonate 
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buffer containing (mM) NaCl 118.5; KC1 5.94; CaCl 2 2.54; 
MgS0 4 1.19; KH^ 1.19; NaHC0 3 2 5; glucose 5.5; and recom- 
binant human insulin (Humulin-R, Eli Lilly, IN) and either 
synthetic rat (Bachem, Torrance, CA. Lot# ZG485) or syn- 
5 thetic human amylin (Bachem, Torrance, CA. Lot# ZH144) as 
detailed below. Methods used to determine the nature and 
purity of rat and human amylin included quantitative amino 
acid analysis, gas phase amino acid sequencing, reverse 
phase HPLC and fast- atom-bombardment mass spectrometry. 

10 By the latter two methods, purity was 98.4 and 97.9% 
respectively. However, application of these methods 
failed to detect 1 atom of mercury per molecule of rat 
amylin, which was subsequently detected by electrospray 
ionization mass spectrometry and atomic absorption spec- 

15 troscopy. Subsequent analysis of the method of synthesis 
of the rat amylin suggests that this atom is interposed 
between the sulfur atoms of cysteine residues 2 and 7, and 
therefore forms part of the ring structure near the amino- 
terminus. Incorporation of mercury into rat amylin may be 

20 a feature of many commercially available batches that have 
already been used in published studies. Since the peptide 
was bioactive, its action in muscle was expected to at 
least qualitatively mimic that of true rat amylin. The 
mercuric method of cyclization was not used in the syn- 

25 thesis of human amylin, which is found by electrospray 
ionization mass spectrometry and atomic absorption spec- 
troscopy to be mercury- free. 

Muscles were assigned to different flasks so that the 
four muscle pieces from each animal were evenly distrib- 

30 uted among the different assay conditions. The incubation 
media were gassed by gently blowing carbogen (95% o 2 , 5% 
C0 2 ) over the surface while it was continuously agitated at 
37 °C in an oscillating water bath. pH of gassed media at 
37 °C was verified as being between 7.1 and 7.4. After a 

35 half-hour preincubation, 0.5 fiCi of [U- U C] -glucose was 
added to each flask for a further 60 minutes. Each muscle 
piece was then rapidly removed, trimmed of tendons, 
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blotted, frozen in liquid N 2 , weighed and then stored at 
20 °C for subsequent determination of u C-glycogen. The 
incubation medium was also frozen for subsequent analysis. 
The concentration of human amylin present in the medium at 
5 the end of the incubation was determined by radioimmuno- 
assay in surfactant-containing buffer. For both human and 
rat amylin, the actual mass added to the incubation medium 
was determined by quantitative amino-acid analysis* 

14 C-Glvcoaen Determination 

10 Each frozen muscle specimen was placed in a vial with 

1 mL 60% potassium hydroxide (wt/vol) and digested at 70 °C 
for 45 minutes under intermittent vigorous agitation. 
Dissolved glycogen was precipitated onto the walls of the 
vial by addition of 3 mL absolute ethanol and overnight 

15 cooling at -20°C. After centrifugation for 30 minutes at 
2000 x_g, the supernatant was gently aspirated, the glyco- 
gen was again washed with ethanol and centrifuged, the 
ethanol aspirated and the precipitate dried under vacuum. 
It was important to evaporate all ethanol to avoid quench- 

20 ing during scintillation counting. The remaining glycogen 
was redissolved in 1 mL water and 4 mL scintillation fluid 
and counted for 14 C. 

Numerical Methods 

A rate of glucose incorporation into glycogen 

25 (expressed in /waol/hr/g wet tissue) was obtained from the 
specific activity of u C-glucose in the 5.5 mM glucose of 
the incubation medium, and the total U C counts remaining 
in the glycogen extracted from each muscle. Dose response 
curves were fitted to a 4-parameter logistic model using 

30 a least-squares iterative routine (ALLFIT, v2.7, NTH, MD) 
to derive EC^s. Since EC 50 is log-normally distributed, 
it is expressed ± standard error of the logarithm. Pair- 
wise comparisons were performed using t-test based rou- 
tines of SYSTAT. 
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insulin dose response 

Insulin dose response curves were obtained by incuba- 
tion in media containing insulin added at final concentra- 
tions of 0, 0.071, 0.21, 0.71, 2.1, 7.1 and 71 nM*'. 

5 Amvlin dose response 

Amylin dose response curves were generated using 
muscles added to media containing 7.1 nM recombinant human 
insulin and either synthetic rat or synthetic human amylin 
(Bachem, Torrance, CA) added at final (nominal) concentra- 

10 tions of 0 f 1, 3, 10, 30, 100, 300 and 1000 nM. 

A supraphysiological insulin concentration was used 
for two reasons: (1) the precision of estimation of EC 50 
was related to the magnitude of U C incorporation into 
glycogen, so greater amylin suppression of the insulin 

15 response was possible with near-maximal insulin stimula- 
tion; and (2) using an insulin response near the plateau 
(asymptotic part) of the dose response curve in contrast 
to the 50% response obtained at the often-used insulin 
concentration of 710 pM minimized variation in response 

20 due to variation in the bathing insulin concentration or 
individual muscle insulin sensitivities. The effect of 
using higher insulin concentrations is seen in the reduced 
standard error of the amylin dose response ED 50 's detailed 
in Table 1. 

25 Each assay also contained internal positive controls 

consisting of a single batch (Bachem Lot# 2G485) of 
archived rat amylin, lyophilized and stored at -20 °c. 

Referring to Fig. 9, data pooled from 5 amylin dose 
response assays performed on a single batch of human amy- 

30 lin in the presence of 7.lnM insulin are shown. Curve A 
was fitted to the data obtained when amylin concentration 
is derived fr m mass initially weighed out and diluted. 
Curve B was fitted to data obtained when amylin concen- 
tration is derived from mass of peptide added to assay 



35 Conversion used, ljiU/mL=7.1pM. 
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media as determined by quantitative amino-acid analysis. 
Curve C was fitted to data obtained when amylin concentra- 
tion in the assay media is measured by radioimmunoassay. 
The EC 50 for curve C is 438pM ±0.17 log units (SE) . 

5 Insulin/ amylin re sponse matrix 

The insulin/ amylin dose response matrix was obtained 
by repeating the insulin dose response analyses with amy- 
lin added to nominal final concentrations of 0, 3, 10, 30, 
100 and 300 nM, thereby generating a 6x6 table with quad- 
10 implicates at each combination of insulin and amylin 
concentrations . 

Insulin; amvlin fixed ratio dose response 

Muscles were incubated in media containing synthetic 
rat amylin and recombinant human insulin added in a 1:7.1 
15 molar ratio. 

insulin and amvlin dose r esponses 

Data pooled from 7 insulin dose response assays per- 
formed in the absence of amylin are shown in Fig 2. There 
was a 3.7-fold increment in rate of glycogen labelling, 
20 with an EC,,, of the response of 1.05 nM ± 0.07 log units 
(n=8 to 28 per point) . 

combined insulin /amvl in dose response. 

Fig 3 shows a series of insulin dose response curves 
obtained in the presence of different amylin concentra- 

25 tions as indicated. Data for the maxima and EC S0 's of the 
insulin responses are presented in Table 1. They indicate 
that the EC^ of the insulin response was not progressively 
right-shifted with increasing amylin" concentrations. 
Fig 4 shows amylin dose response curves obtained with dif- 

30 ferent insulin concentrations, as indicated. Amylin EC 50 's 
and maximal responses, pr sented in Table 1, similarly 
indicate that the EC 50 of the amylin response was indepen- 
dent of the pr vailing insulin cone ntration. In other 



\ 
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words, amylin could suppress labelling of glycogen at all 
insulin concentrations. Fig 5 combines the data from the 
insulin and amylin dose responses into a single fitted 
surface. The surface was generated as the product of 
5 fractional responses to insulin and amylin, using means of 
parameters for slope and EC 50 for the insulin and amylin 
transects, and plotted on log/ log/ linear axes. 
The equation for the surface is 

L . . insulin — D ^ X \+ , AinyUn )F *°*\ 
1 + ( / ^ ins 1 K r )n **y 



The equation thus has the general form. . . Response - 
10 [Insulin factor] x [Amylin factor] x F + K where 

A - i a = 1 (maximal responses) 

**ins 

B = -0.889 = 0.835 (slope factors) 

ins ™ 

C. = 1.42 nM C =9.0nm (EC^s) 

ins ' 

d = o is D = 0.15 (basal responses) 

"ins 

15 F (response factor) =4.0 /caol/hr/g wet muscle 

K (constant) =0.14 
Insulin and Amylin concentrations are in nM 



Since the baseplane of the graph is defined by log 
[insulin] and log [amylin] axes, combinations of insulin 
20 and amylin in any given ratio are represented as straight 
lines on this plane. Lines describing amylin: insulin 
ratios of 0.01:1, 0.14:1 and 1:1 are projected up onto the 
surface (labelled 0.01, 0.14 and 1 respectively). 



Tnsulin:amvlin fixed ratio do se response 

25 The experimentally determined response to increasing 

concentrations of a fixed 0.14:1 ratio of amylin: insulin 
are plotted as open circl s in Fig 6. The bell-shaped 
function g n rated fr m Equation 1, using [ amylin ]= 
[insulin] x 0.14, and which corresponds to the trajectory 

30 labelled n 0.14 M in Fig 5, is shown as a continuous line. 
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Also plotted is the sigmoid dose response predicted for 
insulin in the absence of amylin. The data conform to the 
bell-shaped profile predicted for non-competitive func- 
tional antagonism rather than to a shifted sigmoid 
5 response curve as would be predicted for competitive 
antagonism. 

The finding that the EC^'s for amylin and insulin 
action on soleus muscle are not altered by increasing 
concentrations of the other hormone are consistent with 

10 biochemical and pharmacological data indicating that they 
act via separate receptors rather than by competing at a 
common receptor. Amylin behaves as a noncompetitive, 
functional antagonist to insulin. That is, amylin reduces 
the magnitude of the insulin response without affecting 

15 insulin potency. Critically important for analyzing the 
role of amylin is the finding that it causes insurmount- 
able inhibition of insulin action. 

Amylin' s biological activity was originally described 
as an "antagonism" of the muscle response to insulin. 

20 Some may therefore have considered that amylin and insulin 
represent self -canceling signals, and that if these hor- 
mones are secreted in a constant ratio, the effects of any 
increase in plasma amylin would be nullified by the pro- 
portionate increase in insulin. The "constant ratio" 

25 slices through the response surface (Fig 4) instead pre- 
dict that with any fixed ratios of insulin and amylin, 
suppression by amylin of the insulin response will eventu- 
ally supervene as the concentrations of both hormones 
increase. This prediction was confirmed by the experi- 

30 ments shown in Fig 6. If amylin and insulin were co- 
secreted in a fixed ratio, the bell-shaped trajectory of 
Fig 6 would represent the response of muscle to increasing 
secretion from the 8-cell. The peak height, the position 
and shape of the insulin: amylin bell-shaped curve are 

35 functions of the muscle sensitivities to insulin and 
amylin, and their concentration ratio. 
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Table 1 



10 



15 



20 



nM 
(nominal) 
0 
3 
10 
30 
100 
300 



Insulin Dose Response 

[amylin] Maximal response 

jtmol/g wet tissue/hr 
Mean 
4.09 
3.45 
3.12 
2.13 
1.15 
0.93 

Amylin Dose Response 

[insulin] Maximal response 

nM ftmol/g wet tissue/hr 

(nominal) Mean ± SEM 

0 0.85 ± 0.17 

0.21 1.26 ± 0.18 

0.71 2.11 ± 0.18 

2.1 2.94 ± 0.18 

7.1 3.56 ± 0.19 

71 4.07 ± 0.18 



nm 

Mean ± log SE 
1.16 ± 0.10 
0.78 ± 0.12 
1.52 ± 0.15 

I. 33 ± 0.20 
undetermined 
undetermined 

EC 50 
nm 

Mean ± log SE 
12.15 ± 0.94 
10.27 ± 0.48 
8.24 ± 0.24 
10.45 ± 0.16 
8.69 ± 0.13 

II. 93 ± 0.11 



25 



30 



Kxamnle ■>.: Dai3y Amvlin replacement reverses hepatic 
glycogen depletion in ins " 1 i n-treated — streptozotocin 

diabetic rats . 

In streptozotocin-diabetic rats treated with insulin 
replacement, liver glycogen is some 35% depleted. Five 
consecutive daily subcutaneous injections with amylin 
dose-dependently restored liver glycogen to normal levels. 
Significant increases over insulin-only therapy occurred 
with amylin doses of 10, 30 and lOOjtg/day, representing 
amylin: insulin ratios of 0.22, 0.75 and 2.79. 
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Animals 

There were 68 male Harlan Sprague Dawley rats (mass 
301±3g) in 8 treatment groups. Animals were housed at 
22.7±0.8»C in a 12:12 hour light :dar)c cycle (experiments 
5 being performed during the light cycle) and fed and 
watered ad. libitSji (Diet LM-485, Teklad, Madison, WI) . 
The rats were sacrificed for harvesting of livers 4 to 
5 hours into the light cycle. 

Treatment Groups 

10 l. ST7, diabeiHn. insu3 ^n-emlv trpatment (n=ll) . 

Animals were injected with streptozotocin (Sigma 
Chemical Company, St Louis, MO: Sigma 50130) dissolved in 
water in a. dose of 65mg/kg into the lateral tail vein. 
Upon exhibiting 5% glycosuria (Chemstrip uGH, Boehringer- 

15 Mannheim, FRG) , rats were commenced upon a sliding-scale 
daily insulin treatment regime (Humulin-Ultralente, Eli 
Lilly, Indianapolis, IN) aimed towards maintaining aketo- 
nuria (by Chemstrip) but 5% glycosuria. Maintaining 
diabetic rats in this metabolic state optimizes survival. 

20 Following one week of established diabetes, animals 
received once daily s.c. injections of amylin vehicle 
(water for injection) for 5 days given at the time of the 
insulin injection. 

2-6 s tt: riiabet «»* , insuli n+amvlin treatment groups. 

25 These animals were treated identically to those in 

group 1 except that the daily subcutaneous injection 
contained 3^g (n-5) ; 10 M g (n=12) ; 30 M g (n»5); lOOjig (n=5) 
or 300/ag (n=5) of rat amylin (Bachem lot# WG4 8 52') . The 
bioactivity of the peptide used in these experiments was 

30 first verified by bioassay, using inhibition of insulin- 



s' This batch of rat amylin has subsequently been found 
to contain a mercury contaminant, believ d to be int r- 
posed between the sulphur atoms of th 2-cys 7-cys 
disulphide bridge. 
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stimulated radioglucose incorporation into glycogen in the 
isolated stripped rat soleus muscle. The EC 50 derived for 
the peptide used was 6.2nM (±0.2 log unit). The insulin 
dose in each of the groups of diabetic animals averaged 
5 l.67U/animal/day. There were no other observable differ- 
ences in the required management of the different groups. 



7. Normal a nimals (n=10) 

These animals were derived from the same stock and 
housed under the same conditions for the same time as 

10 those in groups 1-6, but were given no injections. 24 
hours after the fifth daily injection of amylin or water 
(or an equivalent time after admission to the vivarium in 
the case of group 7 rats) , the non-fasted rats were killed 
by decapitation and the livers immediately removed and 

15 frozen in liquid N 2 , weighed and stored for subsequent 
determination of glycogen concentration. 

8 . fiTZ-diabe*ie anima ls- no trpatment (n=10) 

These animals were made diabetic as were groups 1-6, 
but received neither insulin nor amylin. 

20 Glycogen dete rmination 

Whole livers were powdered while frozen. Approxi- 
mately 200mg of powder was further homogenized in l.OmL of 
0.6M perchloric acid to denature enzymes. 200jtL of the 
homogenate was neutralized with 0.5 volumes of 1.0M KHC0 3 

25 . in either of two acetate buffer solutions, one containing 
2.0mL of 200mM acetate (pH4.8), the other containing the 
same but with 18.5 U/mL of amyloglucosidase (EC 5 3.2.1.3, 
from ^r r " nius nicer . Sigma A3423, Sigma Chemical Com- 
pany, St Louis, MO) added. Following at least 20 minutes 

30 incubation at 23 «C, the supernatants were assayed for glu- 
cose in an analyzer using D-glucose oxidase immobilized 
enzyme chemistry (Analyzer model 2300-STAT, YSI, Yellow 
Springs, OH). Purified rabbit liver glycogen (Sigma 
G8876) used as a standard indicat d 98+4% recovery of 
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dissolved glycogen and linearity within the range of 
observed liver glycogen concentrations (r=0.9994). All 
reagents were of analytical grade or better. 

Numerical methods 
5 Statistical comparisons were by Student's t-test 

routines contained in the SYSTAT system (Systat, Evanston, 
IL) . All results are reported as means ± standard error 
of the mean. 

Liver glycogen 

10 Liver glycogen content was measured in rats with free 

access to food up to the time of sacr if ice (fasting 
rapidly depletes liver glycogen, such that the levels 
after 18-hours starvation are typically only 2-5% of those 
observed in the fed state) . Glycogen contents for the 8 

15 groups of animals are shown in Fig 8. STZ diabetic ani- 
mals on no therapy showed a 67% decrease in liver glycogen 
concentration compared to normal rats (2.86 vs 8.6 mg/g f 
P<0.001). STZ diabetic animals receiving insulin replace- 
ment had a 35% decrease in liver glycogen compared to nor- 

20 mal rats (5.6 vs 8.6 mg/g, P<0.01). In insulin-treated 
STZ diabetic rats supplemented with daily amylin, there 
was a dose-dependent increase in liver glycogen concentra- 
tion above that in rats replaced with insulin alone 
(P<0.05 f 10/ig/day; P<0.02, 30/ig/day; P<0.01, I00^g/day) . 

25 The liver glycogen concentration in animals receiving 10, 
30 and lOOiitg amylin per day was not significantly differ- 
ent from that in normal animals (P<0.3) , although the mean 
values showed a dose-dependent increase with an apparent 
peak at 30^g/day. The lowest dose examined, 3/tg/day did 

30 not measurably increase glycogen levels above those 
treated with insulin alone. Interestingly, the highest 
dose of amylin tested, 300/xg/day, also did not measurably 
restore liver glycogen towards normal, giving an appar- 
ently biphasic dose-response. 
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The results show that combined replacement of amylin 
and insulin can restore normal levels of liver glycogen in 
STZ-diabetic rats; full restoration is not achieved with 
insulin alone. This physiological response is caused by 
5 a once-daily subcutaneous injection in a molar ratio of 
amylin to insulin close to that thought to occur naturally 
in healthy animals. 

Those of ordinary skill in the art reviewing both 
examples above will recognize that the data indicate to 
10 one of ordinary skill in the art that administration of 
insulin and amylin in the indicated ratios will be an 
effective treatment for diabetes in humans. Such amylin 
and insulin can be administered in any standard manner 
using pharmaceutical^ acceptable buffers. For example, 
15 the hormones may be administered in a form which causes 
delayed release of the hormones within the body. 

Other embodiments are within the following claims. 
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Claims 

1. A method for treating a mammal comprising the 
step of: 

administering to said mammal an insulin having an 
5 in vitro activity of stimulating glucose incorporation 
into glycogen in rat soleus muscle, and an amylin having 
the in vitro activity of suppressing glucose incorporation 
into glycogen in rat soleus muscle, wherein said insulin 
and amylin are provided at a molar ratio of between 1:1 
10 and 40:1. 

2. The method of claim 1, wherein said method fur- 
ther comprises the step of identifying a mammal having a 
reduced ability to produce serum insulin compared to a 
normal said mammal. 

15 3 . The method of claim 1, wherein said insulin and 

amylin are provided at a molar ratio of between 2.5:1 and 
35:1. 

4. The method of claim 1, wherein said insulin and 
amylin are provided at a molar ratio of between 5:1 and 

20 25:1. 

5. The method of claim 1, wherein said amylin is 
provided in an amount of at least 0.5 micrograms per 
kilogram of said mammal per day. 

6. A method for treating a mammal, comprising the 
25 steps of: 

determining the level of insulin having an is vitro 
activity of Stimulating glucose incorporation into glyco- 
gen in rat soleus muscle, 

determining the level f an amylin having the 
30 in vitro activity of suppr ssing glucose incorporation 
into glycogen in rat soleus muscle, and 
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administering an amount of insulin and amylin to said 
mammal which provides a blood serum molar ratio of insulin 
to amylin between 1:1 and 40:1. 

7. A composition comprising an insulin having an 
5 in vitro activity of stimulating glucose incorporation 

into glycogen in rat soleus muscle, and an amylin having 
the in vitro activity of suppressing glucose incorporation 
into glycogen in rat soleus muscle, wherein said insulin 
and amylin are provided in a molar ratio of between 1:1 
10 and 40:1. 

8. The composition of claim 7, wherein said insulin 
and amylin are provided at a molar ratio of between 2.5:1 
and 35:1. 

9. The composition of claim 7, wherein said insulin 
15 and amylin are provided at a molar ratio of between 5:1 

and 10:1. 

10. The composition of claim 7, wherein said amylin 
is provided in an amount of at least 0.5 micrograms per 
kilogram of said mammal per. day. 

20 11. The composition of claim 7, wherein said com- 

position is provided in a form suitable for parenteral 
administration . 

12. The composition of claim 7, wherein said insulin 
is provided in a fast-acting form. 

25 13. A method for treating a mammal comprising the 

st p of: 

administering to said mammal a composition comprising 
an insulin having an in Yi£ro activity of stimulating 
glucose incorporation into glycogen in rat soleus muscle, 
30 and an amylin having the in vitro activity of suppressing 
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glucose incorporation into glycogen in rat soleus muscle , 
wherein said insulin and amylin are provided at a suitable 
molar ratio such that the amount of amylin in said compo- 
sition will result in circulating plasma levels of amylin 
5 that are about 3 to 6 percent that of insulin upon admin- 
istration of said composition to said mammal. 
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